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Vibration 


Introduction 


] The vibration of ship structures is a wide subject for study and it is not the purpose of this 
chapter itself to provide an extended treatment of the phenomenon; this can be obtained from 


source material referenced in the text, The intended purpose of the chapter is to inform the ship 
designer of: 


a. The need to predict and assess the vibration behaviour of a new ship design. 


b. The methods which are available for the prediction and the criteria by which the 
calculated vibration may be assessed. 


c. The methods which are available for measuring the vibration behaviour of the 
completed ship. 


d. The methods of diagnosis and approach to solutions of vibration problems revealed 
during the trials of the completed ship. 


2 The need to establish the vibration characteristics of a ship has, in recent years, assumed a 
greater priority in the ship design procedure as structures have become lighter because, firstly, a 
number of ships have suffered structural failure due to fatigue damage resulting from dynamic 
stresses, secondly, excessive vibration commonly results in damage to, or malfunction of, ships 
equipment and, thirdly, ships’ personnel subjected to excessive vibration experience discomfort i) 
and their proficiency in carrying out tasks is reduced due to fatigue. However, whether or not 
vibration is judged to be excessive depends upon the criterion to be applied, that is, fatigue 

damage, discomfort or some other malfunction. Appropriate limits for the various problems are 


| 

| 

| 

discussed later in this chapter. | 
| 

{ 


mple by Ward (1983), has shown that the retrospective ie 
ally involves high cost and rarely provides a complete | 


solution. Consequently, it is important that vibration minimisation should be considered as an 
integral part of the ship design process. In the initial stages of design, decisions are made on I) 
power, displacement, hull form and general arrangement, amongst other aspects, which dictate i 
the fundamental vibration levels. At this stage a careful estimate and assessment of the vibration | 
response might demonstrate that the basic ship design is likely to be clear of vibration problems. 
Or, perhaps more importantly, the study might reveal major, potential vibration problems which : 


3 Long experience, presented for exa 
treatment of major vibration problems usu 
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will require early design modifications for their avoidance. Whatever the resy|t< at the ear] 
ma, ar 
stages, however, as the design progresses the evaluation of the vibration aspects of the desion 


— n 
needs to be a continuing process. 


Basic Concepts 


4 The design method for a structure which is intended to be free from CXCESSIVe Vibration 
| must initially consider the vibratory forces to which the structure will be subjected. If these forces 
| have a relatively high magnitude the structure will need to be designed with great Care to ensure 

that its response to the forces will not interfere with its function. Provided that some control over 

the force characteristics can be exercised the desi gn problem becomes easier. The constraints on 
the structural design, imposed by the necessity to avoid vibration problems, are then reduced and 
allow the structural properties to be dictated by the primary functions of the structure in resisting 

Static and quasi-static loads. 


5 Since most machines, both reciprocating and rotatin g, will produce some vibratory force it 
is obvious that there is a multitude of vibration excitation sources in the great majority of ships. In 
considering the ship as a whole structure, which is the case in the early stages of design, only three 
sources are of major importance: 


4 a. The propulsor. 
b. The main propulsion machinery. 
c. The sea. 


The forces due to these sources are discussed in Chapter 3 and Chapter 4 and the evaluation of the 
dynamic response of a ship’s structure to these vibratory forces generally involves two states of 
vibration, namely resonant vibration and forced vibration. 


Resonant Vibration 

6 When the natural frequency of a structure (that is the frequency at which the structure will 
vibrate freely when released after being displaced from rest) coincides with the frequency of 
some applied vibratory force a condition of resonance exists and the structure will vibrate at large 
amplitudes (which, in the absence of a damping mechanism, become infinite). Clearly it 1s 
desirable that a ship should not be subject to resonant vibration at the principal operational 
speeds. In some circumstances, however, resonant vibration cannot be easily avoided and it 1s 
then necessary to estimate the vibration amplitudes which will be excited at resonance. In order to 
do this the designer should be aware of the basic theory relating to the phenomena of natural 

| frequency and damping of structures. 


7 A very simple illustration of the theory involved can be obtained by considering a simple 
cantilever consisting of a single mass anda single spring stiffness shown in Figure 14.1. The mass 
1s assumed to move in the transverse direction only and hence a single coordinate x is requir ed to 
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When V = |, that is when C = 2m)... the damping 
Whe 


| PTesent in the System y 
ration just results in a non-oscillatory motion. The COITespondj 
| OSS i a 

ritical damping coefficient C.. 
C i 


nder COnditions of free 
Ng value of C jc known as the 


14‘ Itiscommon to find in the publishe 


d liter 
damping coefficient C to C. 


ature that dampin 
, that is, damping r 


| gis °Xpressed as the ratio of the 
allio y = C/C... 


Dynamic Magnification Factor 
15 The displacement x that would 0 
From inspection of equation 14.6 there 
acts as a dynamic magnification factor: 


Ccur under the anni; 
OFe. it is seen tha 


(14.7) ie 1 
V{(_i - 0)7/0)2)2 + 4y2 





~m 


)/q2 


If damping is small, that is for y < iP 


the maximum Value of K,, Occurs when © = @,. This value of 
K,, has the approximate value of 1/2y 


16 = Equation 14.7 may be plotted to give a dimensionless measure of the 
angle of the response as a functio > frec y ratio and is illustrated 
shows that if the forcing Tequency is less than the natural frequency (w/w, < 


toward the static response and the displacement is controlled by the stiffness 
by the mass or damping. 


amplitude and phase 
in Figure 14.2. This 
1) the response tends 
of the Spring and not 


controlled by mass rath damping of the structure. All these effects are shown in 
Simplified form in Figure 14.3. 


Logarithmic Decrement 


. An alternative quantification of 
displacement amplitude of a single degr 


garithmically with time, the rate of dec 
“Mplitudes of two 


damping can be expressed by considering that a 
ce of freedom system in free vibration will decrease 


rease being a function of the damping. The ratio of the 
successive displacement peaks, x, and x,, is given by: 


(14.8) X,/x = e2nv(w/Q) | 
Where © — 0. VG 


v*) and the logarithmic decrement, 6, is defined by 
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Figure 14.3. Frequency Response Curve 


Application to Hull Girder Vibration 


A ship’s hull is a girder of a box-like construction and can be represented mathematically 
as a free-free elastic beam in which the distribution of weight and the structural properties, such as 
areas and moment of areas of cross sections, vary from one end of the ship to the other in a 
somewhat arbitrary manner (see, for example, Todd (1961) and Chalmers (1988(a))). Unlike the 
simple single degree of freedom system described above, the ship’s hull girder can exhibit many 
modes of vibration. The simpler modes are usually assumed to be two dimensional, when 
vibration is restricted to vertical, athwartships or torsional motion and denoted according to the 
number of nodes (the positions of zero displacement) distributed along its length as illustrated in 
Figure 14.4. The higher modes of vibration, say those having more than six nodes in the vertical 
direction or four nodes in the athwartship direction, tend to be three dimensional as they couple 
with modes in other planes and cannot be simply described. The prediction of these higher modes 
requires extended mathematical modelling but fortunately the simple modes are usually those of 


more consequence in vibration design. 


19 


quencies close to any of these 


20 If the girder is subjected to periodic disturbing forces at fre any | 
e amplitudes of vibration may 


natural frequencies, resonant vibration conditions may occur and the a 
exceed the limiting values set by the certifying or regulating authority. 


21 Significant levels of vibration of the ship hull girder may result from vibratory forces even 
ithe forcing frequency is well removed from the natural frequencies. This forced vibration 5 of 
Pee however, only when the exciting forces are relatively high, generally ret apa a v7 | 
‘ibratia, machinery are delivering high powe!s, and in most cases the aoe hg e 
ord ion tend to be not excessive. Nevertheless, 1 is advisable to carry out ‘  nicetin 
'der to establish the minimum levels to which the main structure of the ship Wi" esubl ae 
51 speeds or powers. It is then possible to estimate an amplification of this vibration le 


result) ; 
n “ : we 
g from resonance of local structures such as masts and seatings 
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Figure 14.4 Typical Modes of Vibration of an Hull Girder 


Propulsor and Shafting Forces 


ational speed, the Shaft rate, multiplied by the number of propeller 


Generally these for 
frequency of 


Ces are of no great concern unless their 
some mode of the Shafting system or of the 

















Lateral forces 
and moments 





Figure 14.5 Oscillatory Propeller Forces and Moments 


and torsional vibration of the propulsion train is largely 
and should be estimated during the design of the machinery 
tory forces induced by the propeller are 


24 The amplitude of axial 
independent of the ship structure 


system. The magnitude of the axial and torsional vibra 
usually presented as some percentage of the steady thrust and torque, based upon collated 


measured data. The amplitude of lateral vibration of the shafting is more difficult to predict 
because of the lack of knowledge of the propeller forces and the damping associated with this 
mode of vibration. It is usually accepted that it 1s sufficient to ensure that the calculated natural 
frequency of lateral vibration is well removed from the excitation frequency, that is, the blade 


rate. 
s transmitted to the ship through the shaft bearings, the 


propeller also produces an oscillatory pressure field at the adjacent hull plating as shown in 
Figure 14.6. This oscillatory pressure has a frequency corresponding to blade rate and would exist 
even if the propeller were operating ina uniform flow field. Where propellers are operating in a 
good wake, as should usually be the case, the hydrodynamic forces produced by the propeller may 
not be of any great concemm, but as they are related to the power delivered they may well be of 
consequence in ships having relatively high power/displacement ratios. The determination of the 
amplitude of the pressure impulses emanating from a propeller has been the subject of extensive 
research over the last 10 years Or SO and there is a wide literature on the subject (see, for example, 
the proceedings of the International Towing Tank Conference (1987)). Pressure amplitudes can 
now be estimated with some confidence either analytically or by model testing, but unfortunately 
the same confidence cannot be attached to the estimation of the forces transmitted through the 
shaft bearings. However, experience suggests that, for propellers operating in a good wake, 
bearing forces are of a similar magnitude to the forces on the hull due to pressure impulses. 


25 _ In addition to the vibratory force 


sign it 1s unlikely that the estimation of propeller forces 
calculation OF model testing. In that circumstance it is 
vertical vibratory force (bearing forces plus pressure 


8 85 assuming that the propeller is of a conventional 
| pitch distribution) and taking z on the data 


26 _In the early stages of the ship de 
will have been the subject of extended 
suggested that a first estimate of the total 
forces) can be obtained from data sheet | 
design (that is without high skew or unconventiona 
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fot » hydrodynamic balance. 
mising the 
compro 


aft brackets are an 


integral part of the 
ale structural design or 


production without 


Mechanical Unbalance a. | 
29 ~~ Generally, careful attention 1S paid to the mechanical bal 
systems. If the balancing is carried Out in accord 
vibratory forces which have a f requency corre 
enough to induced unacceptable vibration of th 


ance of propellers and Shafting 
ance with normal limits, then the corresponding 
sponding to the propeller rpm will not be large 
€ ship’s hull even under resonant conditions. To 

typical case a propeller and shafting weighing 25 tonnes should be balanced to have a 
e ie ut-of-balance couple of about 60 Nm. At a speed of 170 rpm corresponding to the 
eee ae of the 3-node vertical mode of a 3600 tonne displacement vessel, the vibratory 
ar i ced by the unbalance will be approximately 0.19 tonnes. This would result in a 
Pe sn klocity amplitude of about 2.5 mm/s which can be judged acceptable (see criteria and 
ia following, paragraphs 102 et seq). 


30. ~=—s If the designer is given the balancing details of a ears nib 
fi be easily calculated and used to estimate the corresponding vit A eee 
Sa if ropeller is damaged in service both the mechanical and hy ae th 
= ee be disturbed and excessive vibration may result. A particular at sea 
-_ een iciie pitch propellers which may have one or more eee ee 
} ; attention to the consequent balance characten SOS re than one ship. 
4 ae Be cccndine to the shaft rate has been attributed to this cause In mo 
requency corr 
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Machinery Forces 


pines, electrical motors, generators and fans are not an 


s tur 
pe rion except where underwater radiated pore is of concern. Ne 
by rotating machinery generally implies that the machine is not 
‘bration severity 10 these machines is the vibration 
velocity which should range from 0.125 mm/s peak et or 20 oi a oe displacement 
for very good condition to 16 mm/s peak velocity OF 3 Piniepe ae Oapee ISpldcemient for 
unsatisfactory conditions. A frequent cause of pabrallon in purely rotating machines is unbalan ae 
which may change during the life of the machine because of damage, fouling, thermal distort - 
r wear. In some machines there may be fluid dynamic or electrical unbalance in addition to the 
d values of unbalance are usually expressed in N.m as a function of 


31 ~—«-Rotating mac 


important source of S 
sjonificant ship vibration induced 


running satisfactorily. A good measure of v 


0 
mass unbalance. The accepte 


the maximum speed of the rotor. 


32 Medium and high speed diesel engines are usually on anti-vibration mountings in 
warships and as such have little effect on the vibration of the ship. Care should be taken, however, 
to ensure that anti-vibration mountings do not result in amplification of vibration resulting from 


propeller excited structural responses. 


33 _Lowspeed diesel engines, particularly those having four or five cylinders can cause large, 
inherent vibratory forces, but such prime movers are rarely used in warships. An extended 
treatment of the forces generated by low speed diesel engines 1s given in the BSRA Ship Design 


Manual - Vibration (1981). 


Gun Firing Forces 


a Neen ei in to gunfire is in the form of an impulse or series of impulses which 
discussedan'Ghapter4 ies UO of the surrounding structure. The loads induced by guns are 
voy ae ee Ce al force/time curve for a single shot is shown. Once the load- 
supporting structure can be Sarat is weapon’s manufacturer, dynamic analysis of the 
can be solved by a general ie ee mode superposition or time integration methods and 
general purpose finite element program as discussed later in this chaptet. 


Sea Excitation Forces 


of which 1s 
s slammine: 
structure: 


n can also 
that the 


e wave 


35 Another source thrat; 

given in Chapter 3, ee ee eating; a/detailed descrip? 

bow flare impact and shippi 8 response of the ship due to impulsive loading such 4 

Measurements golteicd oe Breen water, can cause buckling of the deck or bottom 

create additional bending mo ships have shown that continuous vertical vibratio 
*€s which may be significant for fatigue considerations and 


stresses caused b ippi 
| y whipping vibrati 
bending stresses (see Chapters 3 ihe be of the same order of magnitude 4° 
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springing is a continuous and steady vibration which arises f 
- x “ 5 = r SES © : 

» pressure field acting on the hull of the Ship and is a res ae unsteady hydro- 
n uency of the hull and the wave encounter frequency 


natural freq ae os 
‘y stiffness due to large cut-outs in the structure of a high 
yay will relate to the higher frequency part of the sea spec 


stent, and so springing responses are rarely of Significan 


al 
trum where there is a limited 


ce in warships. | 
a i ‘ . > =v a ~ a OW. n general th 
. has limited influence on the response of the ship to sea itati gees 
designe! €xCitation but might ass 

E sess the 


2 sit ipment in relation to lo h 
eition of sensitive equip! wer hull vibration modes as di 
Chalmers (1988(b)). iscussed by 


pendil 
frequency 


Main Hull Vibration Response 


37.‘ The natural frequencies of the hull girder are a function of the ship’s shape, mass and 
stiffness. These features are dictated by the displacement and strength requirements and, once 
built, the natural frequencies of the hull cannot be significantly altered by adding material to it 
(see Chalmers (1988(b))). Nor is it generally practicable in the design stages to alter the hull 
girder structurally to avoid resonant hull vibration. Instead, attention has to be given to the 
sources of the periodic exciting forces both in terms of their magnitudes and their frequencies. 


38 Generally, the level of main hull vibration in any ship will depend upon: 


a. The relationship between the frequency of the forces and the natural frequencies of 


the hull girder. 


b. The effective magnitude of the exciting forces. 


c. The mode shape and hence the amplitude at both the excitation and response 


locations. 


d. The degree of damping present. 


e the avoidance of excessive main 
he must either arrange that the 
uency of the hull, or ensure 


The designer is therefore faced with two approaches to ensut 
as vibration. At a very early stage in the design process i 
“quencies of the exciting forces do not coincide with any natural freq Wee hraden 

edb magnitudes of the forces are not sufficiently great s as to produce unaccep a eit 

a inthe following paragraphs both semi-empirical and analytical pik ade 2 eeaier 

est] ae frequencies of the hull and the vibration amplitudes at ane erate 

mated excitation forces from the main machinery and propeller, are 


le 


39 ‘bration characteristics 
have empirical methods described here for predicting A ae on many ships 
and ar iu developed from accumulated data obtained from se4 tria ssdeesmnotad owevel 


1). 
include summarised in the BSRA Design Manual - Vibration (198 
Warship data which is not openly published. 
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Ain respectively? have been calculated using the sa 
Same e 
namely: © expressions as yced ¢ 
sed for merchant sh; 
(14.114) Aiy = A (1.2 + B/3T) SHIPS, 
and 
14.11b) Ay, =A + 0.574 LP 


rtical and horizontal vibration respectively. A (in tonnes), B and 
,b and L are as defi 
S defined above and 


for ve 
n draught (all in metres). 


T is the mea 


If the designer in the earl 

a porhas not Y - Senin of the design process is not able to identi 

Bete approximately ne momar parameters for that rie oh pe a ‘similar’ 
encies using one of still possible t 
actory relations a number o : 
pecaies: the ait oo fea been developed only for the Bets However, up to now 
: r r 
noted in data fi 1 oe graph for estimating the 2-node mode of tee Seana 
87, ica ion i 

ut alternative graphs using other base functions wean wri 
available in the 


BSRA Ship Design Manual - Vibrati 
. ion (1981), 
ership data are plotted against the parameter ). In data sheet 18.87 both merchant ship and 


ly 
A, yL3 





with units in tonnes and me 
t e 
ittes fit res. The mean lines on each plot have been calculated from least- 
46 Th 
a tal of the graphical approach is that the designer is able to carry out a rapid 
a a? as desi gn information becomes available by simply entering the graphs at the 
ase functions. The relationships between the 2-node mode and the natural 
RA Ship Design Manual - 


frequenci 
i 
es of higher modes are presented in a graphical form in the BS 
for estimating torsional natural frequencies 


Vibrati 
ee Note that no graphs are presented 
ave been found to be inconsistent using the data currently available. 


Supe 
eae Correction Factor | 
be taken in natural frequencies are ‘ afluenced by the extent of any superstructure and it must 
a. ni account if reliable frequency estimates are required. 1ne method used to os 
4Tactor of ‘eon ’s superstructure 1s to multiply the hull only vertical section inertia ot ( A e 
© Similar ea by the following expression to give a modified value of 1, for use with 
(| “T ship or graphical methods: 
4.12) 
Nee IL SS BG mel pee |) ; 
is the 
waterline length and I;0 '§ 
oe described in Chapter 


Wher 
Cris th 
€ ratio 
n of the m tructur 
g Moment of ean length of the supers ae afective, aS 
area amidships with the superstructure y 


=> 
bs 








eth 


ed 
——— 


Hull Resonant Amplitudes 

48 It is inevitable that one or more of the main hull natural frequencies will be excited into 
resonance by, for example, reciprocating machinery or by the propeller at some point in the ship's 
speed range, The designer should seek to avoid this condition arising at any speed at which the 
ship will be operating for relatively long periods and especially at the higher speeds where 
excitation forces tend to be relatively high, In general a 20% difference between natural and 
excitation frequencies is recommended but this could be reduced io a lesser percent age, Say lO%,. 
provided that the estimate of the natural frequency is based on reliable data, If the avoidance of 
resonance is impractical then itis necessary lo estimate the vibration amplitudes that will occur in 
such circumstances and compare them with established vibration limits. 


49 In order to carry out this estimate it is necessary to have information on the damping 
characteristics, effective vibrating masses, and deflection profiles for the various hull modes and, 
of course, the magnitude and frequency of the forces, In the case of diesel engines which are 
normally the major excitation source in merchant ships, the forces can be calculated accurately 
and are usually supplied by the engine manufacturer, In principle, the following method can be 
used to calculate the resonant vibration amplitudes resulting from any force. 


50 The general expression for the velocity amplitude at any point along the ship, for 
horizontal and vertical vibration, is given by Johnson et al (1961-62) as follows: 


(14.13) y, 2= (93660 a,K,,,/(C,NA,)} >? Fy 


where A, is the total virtual mass, N is the n" natural frequency in cycles/min, K,,, is the dynamic 
magnification factor (see equation 14.7), C, is the generalised mass coefficient, a, is the 
normalised amplitude of vibration at coordinate x, and 


(14.13a) DY Fo. = Qdty + Mi,,/L 


Where Qt, is the normalised ordinate of the amplitude at the point of application of the force On. 
is the slope factor at the point of application of the couple M and L is the length overall. The 
method of calculating the values of these parameters are fully explained in Chapter V of the 
BSRA Ship Design Manual - Vibration (1981). 


51s If there is a likelihood of the out-of-balance forces exciting a main hull resonance then the 
amplitude of vibration at the natural frequency can be derived by substituting the appropriate 
values of the parameters in equation 14,13. In applying the general case, care should be taken to 
ensure the signs of the forces and couples are consistent with the deflection and slope of the modal 
profile, Note that if the source of excitation is a diesel engine only couples are present. 


52 There are three common ways of expressing the linear viscous damping associated with a 
Vibrating structure, These are damping ratio (Vv), dynamic magnification factor (K,,) and 
igen decrement (5) as discussed earlier in paragraphs 12 et seq. The use of K,,, factor has 
“is ee that it directly reflects the vibration amplitude, that is the higher the value of K,,. 

ie higher will be the amplitude of vibration, The assignment of appropriate dynamic magnifica 


tion factors values to the modes of vibration of a ship's hull can pose a problem, Because of the 
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Analytical Methods 


Finite Element Analysis | 
58 The method of finite element analysis (FEA) provides a powerful desig 
circumstances where a less conventional ship is under design, and has the 
model is based upon a structural definition rather than a mathematical model, 
the behaviour of individual structural components can be accounted for. Numerous dynamic 
response analyses of ship structures have been carried out and a brief description of y 
involved in the method are mentioned here. It must be noted, however, th 
be available the structural design must be at a relatively advanced stage. 


Nn lool] in 
advantage that the 
and knowledge of 


arious tasks 
at for sufficient data to 


59 The several types of FEA models for the hull girder response { 
beam models, two-dimensional models and three-dimensional mod 
hybrid models, are illustrated in Figure 14.11. The beam model 
element model with which to represent a ship structure 
consider. In this method the hull girder is represented 


elements along the main hull axis. Each element is assigned mass and stiffness properties derived 


from the ship’s structure and the loading distribution at that section, together with an estimate of 
the added mass effect of the entrained water. 


all into three main groups, 
els, and they, and several 
approach is the simplest finite 
and is therefore the obvious first one to 
as a union of a single line of finite beam 


mpressed into a set of membrane and bar finite elements 
along a single vertical plane on the ship’s longitudinal axis. This type of model is not app 
the case of athwartships vibration, 


effects cannot be defined. 


licable to 
since the torsional axis and horizontal-torsional coupling 


61 As an improvement to the two-dimensional model and in order to improve the represen- 
tation of transverse deformations in vertical vibration, it is possible to use a three-dimensional 
model. In some cases it is advantageous to use a hybrid model, for example, a three-dimensional 


model of the aft end of the ship, the remainder of the hull being represented by a simple beam 
model. 


62 When making an initial evaluation of the main hull natural frequencies, : simple beam 
model with at least 30 grid points is considered to be adequate for a vertical vibration study, 
although Chalmers (1988(a)) has shown that 20 points are usually sufficient for the first two 


vertical modes. For detailed response calculations, two and three-dimensional models are usually 
more appropriate. 


: ich 
63 The natural frequencies of the above models are best calculated using a program an 
commences at the lowest mode: a plot of the corresponding mode shapes is then obtained. - 
advisable to consider first the validity of the lowest modes with reference to similar ships 0 


empirical values based on basic ship parameters before proceeding to calculate higher modes so 
as to avoid considerable wasted effort. 
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Figure 14.15 Plane Frame Model and Mode Shape of an A Bracket 


Stiffened Panels 

92 Local resonant vibration of individual plates and 
the ship designer and operator for many years, Many examples of the unacceptable vibration of | 
deck panels, side and bottom plating and bulkheads have been recorded, some of which have been 

excited by the propeller and some by machinery, and which have caused fatigue and other 


failures. Panel vibration has also resulted in damage or malfunction of ship’s equipment located 
nearby. 


hl 
a © ’ 


panels has been a source of concern to 


oun —- 
- ~—* = 


93 Whilst many qualitative reports have been published in the past, comprehensive quantita- 
tive knowledge of the subject is limited. Measurements carried out in recent years have indicated 
that all the published methods for predicting the natural frequencies of panels must be used with 
caution, since invariably they do not include, or in some cases are incapable of including, one or 
more of the important parameters necessary to provide accurate predictions, and in most cases are 
restricted to simple rectangular panels with ideal boundary conditions. 


94 Inprinciple the more complex finite element methods can overcome many of the problems 
of the empirically based methods but are rather expensive and cumbersome for use as a general 
design tool. Their use is therefore best confined to particularly problematic and sensitive ae 
such as complicated geometric structural arrangements close to exciting forces, areas 2p 
Sensitive machinery, or large unsupported deck areas where vibration may cause degradation o 

¢quipment or personnel performance. 


9 For panels which have either water or some other fluid on one or both sides a aaah 
'0 Consider the effect of the fluid loading on the vibration. The rel Poa atenlane: 
may be modified to account for the fluid loading which acts essentially as an added mas 
panel, 
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major excitation frequency, for example multiples of blade rate frequency or engine fring 


frequency, Tis then assumed that the non-resonant vibration level Will be sufficiently low as to be 
acceptable, 


97 For a unidirectionally stiffened panel with constant stiffener sizes at constant Spacing (s) 
the resonant frequency ©, of the r! mode is given by: 


(14,18) @, = (02/92) V(EIg/pA) 


where p is the density of the panel material, 0, is a coefficient related to boundary conditions 
appropriate to ther mode, and A and [are the area and second moment of area about the neutral 
axis of a stiffener with an associated effective breadth of plating as discussed for stiffened panels 
under lateral load in Chapter 10, Values of ©, can be obtained from data sheet 18.91 based on 

Carmichael (1958) where it can be seen that for any mode from r= | to r= 6 there are a number of 
values @,, each one associated with a value of a parameter § defining the degree of rotational 
support: & is zero for the simply supported case and infinite for clamped support. The choice of € 
must rely on the experience of the designer or advice should be obtained from specialists. 
Comparing the calculated natural frequencies of a stiffened deck panel, approximately 6.5 m x 
4.5 m with measured natural frequencies suggests that close agreement for this type of structure 
can be obtained by taking & = 0 and increasing the calculated frequency by 20%. 

98 Equation 14.18 is valid provided that the transverse shear deformation of the beam iS 
small, that the inertia effects due to rotation of each element of the beam negligible and that the 
plating carries its share of the bending loads indicated by the effective breadth chosen. Transverse 
shear and rotary inertia effects in beam vibration are discussed by Timoshenko and Young, 
‘Vibration Problems in Engineering’, and are known to be of importance only in the higher modes 
for beams with a small span/depth ratio, Such proportions are rarely encountered in a ship and 
since only the lower modes of vibration of the plating are of interest to the ship structural 
designer, shear and rotary inertia effects may be neglected for conventional structures. 

99 For a panel which is reinforced by a set of equal and equidistant girders in both directions 
as shown in Figures 2.2 and /0.2, the eigenvalue solution is obtained using orthotropic plate 


theory similar to that presented by Clarke (1977) for the buckling solution, and has been found to 
yield comparatively good results. The disadvantages of the method are: 


a. It yields good results only when the stiffener spacing is small compared to span. 


b. Torsion of the stiffening elements is neglected. 


c. For irregularly spaced stiffeners it is difficult to apply the theory. 


d. If the stiffener rigidity varies along the span it is difficult to apply the theory. 


100A detailed description of the method can be found in the BSRA Ship Design Manual - 
Vibration (1981). Based on this procedure, computer programs are available from various 
organisations including BMT CORTEC Ltd and Lloyd’s Register of Shipping. The input to these 
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Vibration Criteria and Limits 
102 The three broad criteria by which the vibration characteristics of a ship may be judged are: 


4. Will the vibration levels have an undesirable effect on the working efficiency and/or 
comfort of the crew? 


| b. Will the vibration levels result in structural damage in the form of fatigue fracture? 


c. Will the vibration levels result in damage to, or malfunction of, any items of ship’s 
equipment? 


In order to make such a judgement it is necessary to be given the limiting vibration values 

| corresponding to these criteria. With this information the designer can make the comparison 

I between estimated vibration amplitudes and the limiting values, thus affording some quantifica- 

tion of any design decisions that must be made where compromise between acceptable vibration 

characteristics and other desirable features, for example lightness or production-kindliness of a 

structure, is necessary. The most appropriate published limits for this purpose are given in the 
following paragraphs. 





Working Efficiency and Personnel Discomfort 

103 In 1984 the International Organisation for Standardisation (ISO) published International 
Standard ISO 6954-1984 (identical to BS6634 (1985)), ‘Mechanical Vibration and Shock - 
Guidelines for the Overall Evaluation of Vibration in Merchant Ships’. It has been widely used to 
assess the acceptability of the vibration characteristics of newly-delivered ships and in recent 
years most new ship design specifications require that vibration levels will meet this standard. 


104 An examination of ISO 6954-1984 or BS6634 shows that it does not, in fact, present a 
limiting value of vibration amplitude but a range of vibration amplitudes above which ‘adverse 
comments are probable’ and below which ‘adverse comments are not probable’. It will also be 
noted, in the second paragraph of the document’s introduction, that the standard ‘reflects the 
current technology giving due regard to the overall acceptability judgements available based on 
technical as well as human performance or discomfort criteria’. These features of the document 
arise mainly from the fact that discomfort is a subjective experience which varies not only from 
person to person but will vary for any one person depending upon other environmental factors 
present, for example noise. However, despite its apparent imprecision, the standard has remained 
the most commonly accepted basis for the evaluation of ship vibration and although specific to 
merchant ships it is unlikely that any similar standard established for warships would present 
significantly different vibration amplitudes. Wide experience of the standard’s use suggests that 
the upper boundary of the ‘adverse comments not probable’ zone should be regarded as the upper 
design limit since vibration amplitudes measured on the completed ship which significantly 
exceed this level will almost certainly require remedial action. It may, however, be prudent to 
specify lower vibration levels in compartments where delicate or sensitive work 1s undertaken, 
for example in operating theatres. 
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subjected to the vibration tests detailed in Defence Standard 07-55, Part 2, Section |. The levels of 
vibration at which the equipment is to be tested are specified according to which region in the ship 
the equipment is to be sited (for the purposes of that standard the ship is d ivided into three regions 
the masthead region, the after region and the main region). For the designer, therefore, there is a 
clear implication that the main structure of the ship in these three regions Must not exceed the 
corresponding vibration test amplitudes. Examination of test amplitudes indicates that they could 
be exceeded in the after and main regions if a main hul] mode is excited into resonance and in the 
mast region if the fundamental mode of the mast is excited into resonance. if, however, the 
designer ensures that these phenomena will not occur at any common operational speed, the ship 
vibration environment will be less severe than that on which the Defence Standard is based. In 
addition, however, it is necessary to ensure that areas of local structure to which equipment is 
attached are sufficiently stiff to avoid a local amplification of the vibration of the main structure. 


Specialised Ships 

110 The previous paragraphs describe briefly the most commonly used vibration limits for 
ships. It is possible, however, that because of a ship’s particular réle, for example in research 
requiring a low underwater noise signature, the specification for the ship may call for more 
stringent limits than those quoted above. In such a case it is essential that the designer assesses the 
practicality, cost and other implications of the limits as early as possible in the design process. 


Vibration Design Procedure 





111 In order to ensure that a new ship will meet any specified vibration limits imposed, it is 
essential that the determination of the ship’s inherent vibration characteristics should be 
recognised as an integral part of the overall ship design process. That is, vibration should be the 
subject of a design procedure which will continue throughout the ship’s design and construction 
: | stages. In detail the procedure will depend upon the type of ship and on the designer’s preferred 
| method of working, but in every case it can be regarded as consisting of a number of stages as 


discussed in Chapters 1 and 6. In this publication they are termed initial design and first and 
subsequent iterations with, finally, contract definition. Only the first three stages are of principal 
relevance for design to resist vibration. 


Initial Dei 


for example speed, power, strength, operational réle and 
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extent, on the designer’s experience 


Of what COnSlLitutes 
vibration, but should include: 


5 undesirable features in the context of 
a. Visual assessment of the general arrangement dr 
such as high masts or gantries, position of 


AWINgs, noting any special feature 
position of accommodation 


aerials, large “supported deck areas and 


and Working spaces, 


b. Assessment of machinery systems, notin 
sources, power/displacement ratio, type 
controllable pitch etc) 


& Magnitude and fre 
of machinery, 
and propeller and hull configuratio 


quency of excitation 
propeller type (fixed pitch, 
n (see paragraphs 22 to 36). 


c. Assessment of the operational 16] 


€, noting speed range, Maximum and minimum 
displacements and requirement for 


any stringent vibration limits (see paragraph 110). 


Estimation of main hull natural frequencies using ‘similar ship’ data or graphs and 


comparison (in a qualitative sense) with excitation frequencies (see paragraphs 37 to 
54). 


The tasks outlined above can usually be completed fairly quickly 
revealing vibration characteristics which, 
later stage. 


but their execution is crucial in 
if ignored, could present major design problems at a 


; ; ; 
113 The first three of the four tasks rely heavily on accumulated experience and Pe ee 
designer will need to elicit the opinions of other specialists involved in, for examp ie as es i 
d on and machinery arrangement. If the new ship incorporates relatively innovative fe 

SPaB . . . . 
may be helpful to seek the assistance of a vibration specialist. 
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associated with the SNV, 6NV and 7NV modes is high, the vibration amplitude will be 
low. Although the damping associated with 2NY. 3NV and 4NV modes is lower the 


a force alan 4S » Ts Ae . CO}, 1 a faArna.: - 
blade force below 54 rpm is less than 1% of the force at 250 rpm and again, calculated 


amplitudes should be acceptably low. 


wha $ “* » re a dal > > 2) ¢ ~ 
b. The shaft rate can excite the 2NV, 3NV and 4NV at speeds of 89 rpm, 180 rpm and 
269 rpm respectively. Vibration amplitudes should be calculated in each case. 


118 Asimilar diagram should be produced for horizontal and torsional hull nodes. It is pointed 
out that, for the sake of clarity, Figure 14.17 shows only a single frequency for each mode. If a 
ship operates under different displacement conditions each mode will be associated with a range 
of frequencies bounded by those corresponding to the lowest and highest displacements. This 
range must be further extended to account for the inaccuracy involved in the calculated values, 
say about 10%. Consequently, each hull mode is represented by a horizontal band rather than a 
single line. In this circumstance the avoidance of exciting some main hull mode becomes 
difficult, if not impossible. The designer is faced with the task of assessing relative amplitudes, 
albeit qualitatively at this stage. Generally, the excitation at high powers of any major hull modes, 
usually 2NV to 7NV modes and 2NH to 5NH (horizontal) modes should be avoided, but even at 


low powers excitation of the lower modes. that is, two-node and three-node vertical and 
horizontal modes, can result in unacceptable vibration levels. 


119 The examples given above are intended only to illustrate the purpose of this first step in the 
design procedure. Potential vibration problems will be revealed and the designer can note those 
which will have implications for later structural design and can bring to the attention of other 
members of the design team those features which have a considerable influence on vibration. 


First Design Iteration 


120 ~The work required during this Stage consists largely of reviewing the results of the 
previous study in the light of more detailed information. Potential vibration problems revealed 
earlier can be quantified and design decisions influencing vibration made with more confidence. 
Much of the task is concerned with collating and correlating design details as they become 
available. The general pattern of the procedure at this stage is summarised as follows: 


a. Vibration Specification - decide any vibration limits specified for accommodation, 
working spaces, masts or sensors (see paragraphs 102 to 110). 


b. Excitation - obtain excitation frequencies and forces for the propulsion train, main 
machinery and other equipment, as well as from ship motion. 

c¢. Main Hull Natural Frequencies - estimate using most up-to-date information 
(paragraphs 40 to 47), 

d. 


Main Hull Vibration Amplitudes - calculate vibration amplitudes at resonance (see 
Paragraphs 48 to 54) and blade rate forced vibration at maximum speed (see 
Paragraphs 55 to 57), 
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measured values, it is to their advantage to be aware of the useful part that the results of a 
vibration experiment can play in the overall vibration design procedure. There are three Stages in 
the procedure at which the designer will find that information derived from vibration measure- 
ments is essential or very desirable. These are: 


a. During the construction of the ship, vibration measurements in the part completed 
ship can be used to confirm design calculations and/or demonstrate the need for 
design modifications. 


b. On completion of the ship, the measurement of vibration during builders’ trials 
provides the designer with feedback on the accuracy of his vibration design and 
should be considered as a contractual requirement on the shipbuilder. 


c. After the builders’ trials or at some later time in the lifetime of the ship it may be 
necessary to provide a solution to some specific vibration problem. 


The measurement procedures to be adopted in each of these three stages are briefly described 
below. 


128 The measurement of vibration generally requires the attachment of a vibration transducer, 
that is a device which will convert the vibration acceleration or velocity, or displacement into an 
electrical signal, to the structure. (There are also ‘non-interfering’ vibration transducers usin g, for 
example, lasers or capacitance gauges which do not need to be attached to the Structure, but these 
are rarely used in ship vibration work.) The electrical signals, which are usually very low and 
require some amplification are passed to either a measuring instrument capable of resolving a 
signal into its several frequency components and their associated amplitudes or, more commonly, 
are recorded on a paper chart or magnetic medium for subsequent analysis. 


Tests During Construction 


129 It will be found frequently that in calculating the natural frequencies of local structural 
areas Or components it is necessary to make broad assumptions relating to their geometry and 
mass/stiffness distribution if unjustifiably extended and time co 


nsuming calculations are to be 
avoided. Where approximate calculations show that the natural frequencies lie in the region of 
excitation force frequencies (see paragraph 125) the designer may feel some lack of confidence in 
undertaking a design modification which compromises some other design aspect. It is advan- 
tageous, in this circumstance, to obtain support for a decision to alter the structure by subjecting 
the completed (or almost completed) structure to vibration tests. 


130 The test Is carried out by attaching several vibration transducers to the structure and 
inducing vibration of the structure by some artificial 


of excitation force. There are two commonly 
used means of providing the force. The first is to use a Single frequency sinusoidal force produced 
by two counter-rotating discs each having a large unbalanced mass; the frequency of the force 1s 
equal to the frequency of rotation of the discs, whilst the amplitude of the force is proportional to 
the square of the rotational speed. A device of this type is simple and robust and even relatively 
small ones (<50 kg) can provide a sinusoidal force of 10 kN at 1000 rpm which is enough to excite 
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Interpretation of Vibration Measurements 

142 Provided that the vibration trial has been carried out competently and the analysis and 
presentation of the information are clear, the interpretation of the results should not be difficult. 
Generally, the first objective is to determine at what position and under what conditions excessive 
vibration occurs (or in the case of tests carried out under construction, could occur). The second 
objective is to identify those factors contributing to the excessive vibration, either hi gh excitation 
forces or conditions of resonance. In interpreting the results of vibration tests conducted in the 
ship whilst under construction it is the potential resonance conditions which are of immediate 
interest. The tests are intended to reveal the natural frequencies of the structure and to provide a 
good definition of the associated mode profiles. If any of the natural frequencies coincide with 
those of the major sources of vibration to be installed in the ship, the structure must be modified 
(see paragraphs 151 et seq). Because the structure under test might not be quite complete, the term 
‘coincidence’ should include any natural frequency lying within the range of, say, 20% of an 


excitation frequency. 


143° The interpretation of the results of vibration tests carried out during sea trials is more 
straightforward. In the first instance it is concerned only with identifying those positions at which 
the vibration level exceeds the required limit. If one or more positions are found to ps ie 
Excessive vibration a troubleshooting trial may then be initiated since the original tests wi 


only broad conclusions to be drawn. 


ai identification of 
144 The interpretation of troubleshooting investigations will often meniariaersiiiet exciter 
Natural frequencies and mode profiles as described above, but whe 
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Modification of Structural Response 


151 In pmnciple, resonant vibration of the structure can be avoided by changing its mass or 


stiffness distnibution. Additionally, the dynamic magnification at resonance (see paragraphs 15 to 
17) can be reduced by increasing the damping associated with a structure, In practice, however, 
modification to damping is applicable only to light structures vibrating at relatively high 
frequencies. The natural frequency of a structure can be increased by reducing its mass or 
increasing its stiffness, and reduced by opposite changes. In most cases the design changes are 


directed to increasing the natural frequency so that it is appreciably higher than the frequencies of 
the major vibration excitation sources. 


152 The application of the additional stiffening required to effect this change demands careful 
consideration. It will be noted that the natural frequency of a structure is associated with the 
square root of its stiffness (equation 14.4b). Hence the stiffness must be increased by approxi- 
mately 20% in order to achieve an increase in the natural frequency of 10%. If the additional 
stiffening also contributes a significant additional mass even a 10% increase will not be realised, 
and it is therefore important to restrict extra stiffening material to the regions where it will be most 
effective. Changes in stiffness have most effect where the curvature of the mode shape Is greatest 
while changes in mass have most effect where the displacement is greatest. 


153 _—‘In the case of cantilevered structures, for example a mast or a cantilevered platform, the 
provision of adequate additional stiffening can be difficult and the possible contnbution of other 
modifications such as the resiting of non-structural masses or the introduction of lightening holes 
should be considered. Alternatively, the increase in natural frequency can be sought by 
introducing restraints in the form of stays or braces, provided that a convenient strong and non- 
vibrating anchor point can be found. Where it is acceptable a further alternative is to reduce the 
length of the cantilever arm, that is reducing the height of a mast or the overhang length of a 
platform. 


154. When faced with the task of increasing the natural frequency of this type of structure, it is 
important that the stiffness of the supporting structure should not be disregarded. For example, 
the natural frequency of a mast might be controlled predominantly by the stiffness of structure at 
its foot. Hence, additional stiffening of the mast can yield disappointing results. This situation can 
be avoided if the contribution made by the supporting structure to the resonant mode profile is 
determined by vibration measurements before modification. 


155 The additional stiffening of a large (say more than 5 m square) stiffened deck panel 
introduces problems of a similar nature. It is frequently found that such a panel is resonating not in 
its fundamental mode but in some higher, more complex, mode. Consequently, the siting of 
additional stiffeners is fairly critical. Clearly, the addition of a girder along a nodal line will have 
little effect on the resonant mode, since the panel is virtually stationary along this line. The use of 
a pillar underneath, as a mid-span support, can be even more unrewarding. It will restrain the 
panel only at the point of attachment and has the added disadvantage that it provides efficient 
transmission of vibration from the deck below. 


156 The most effective way of increasing the natural frequency of a large stiffened deck panel 
is to provide support in the form of a bulkhead (or partial bulkhead) below the deck. This is, of 
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